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Abstract 

In Trypanosoma brucei, transition fibres (TF) form a nine-bladed pattern-like structure 

connecting the base of the flagellum to the flagellar pocket membrane. Despite the 

characterization of two TF proteins, CEP164C and TbRP2, little is known about the organization 

of these fibres. Here, we report the identification and characterization of the first kinetoplastid-

specific TF protein named TFK1 (Tb927.6.1180). Bioinformatics and functional domain analysis 

identified three TFK1 distinct domains: an N-terminal domain of an unpredicted function, a 

coiled-coil domain involved in TFK1-TFK1 interaction and a C-terminal intrinsically disordered 

region potentially involved in protein interaction. Cellular immuno-localization showed that 

TFK1 is a newly identified basal body maturation marker. Further, using ultrastructure expansion 

and immuno-electron microscopies we localized CEP164C and TbRP2 at the TF and TFK1 on 

the distal appendage matrix of the TF. Importantly, RNAi knockdown of TFK1 in bloodstream 

form cells induced misplacement of basal bodies, a defect in the furrow or fold generation and 

eventually cell death. We hypothesize that TFK1 is a basal body positioning specific actor and a 

key regulator of cytokinesis in the bloodstream form Trypanosoma brucei.  

 

Introduction  

Trypanosoma brucei (T. brucei) is a unicellular flagellated African protozoan parasite 

responsible for Human African Trypanosomiasis or « sleeping sickness » and nagana in livestock 

(Auty et al., 2015; Büscher et al., 2017; Steverding, 2008). T. brucei has complex life and cell 

cycles during transmission from the tsetse fly vector to the mammalian host with significant 

morphogenetic changes (Gull, 1999; Matthews, 1999). Among the different forms are the 

procyclic insect forms (PCF) in the insect midgut and the infectious bloodstream forms (BSF) 

upon transmission to the vertebrate host.  
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In both forms, a single flagellum nucleates from the basal body near the posterior end of the cell, 

exits the cell body through the flagellar pocket (FP), the only site for endo/exocytosis, and 

extends along the length of the cell toward the anterior end (Field and Carrington, 2009; 

Lacomble et al., 2009; Lacomble et al., 2010; Overath and Engstler, 2004). The cytoskeleton 

region between the basal bodies and the site where the flagellum exits the cell is quite complex. 

The basal bodies (BBs) are connected to the mitochondrial genome (kinetoplast) through the 

tripartite attachment complex (TAC) but also with the FP membrane through the transition fibres 

(TFs) (Ogbadoyi et al., 2003; Vaughan and Gull, 2016). The TF consist of a set of nine structures 

that are located on the mature basal body and radiate from the triplet of microtubules to connect 

it to the FP membrane (Geimer and Melkonian, 2004; Gonçalves and Pelletier, 2017; Lacomble 

eW al., 2009; O¶Toole eW al., 2003; TUpSout et al., 2018; Vaughan and Gull, 2016). The flagellum 

remains attached to the cell body via a junctional complex known as the flagellar attachment 

zone (FAZ) (Sunter and Gull, 2016). A set of four specialized microtubules (the microtubule 

quartet MtQ) nucleates between the mature (BB) and the pro-basal bodies (pBB), wraps around 

the FP, continues along the flagellar pocket collar (FPC) to extend up to the anterior end of the 

cell body (Gheiratmand et al., 2013; Robinson et al., 1995; Taylor and Godfrey, 1969). 

 

PCF and BSF divide slightly differently but share the same cytokinesis stages characterized by 

the duplication of the single-copy organelles and their segregation leading to two daughter cells 

(schematized in Fig. S1a and 1b, respectively) (Vickerman, 1962; Sinclair and de Graffenried, 

2019; Wheeler et al., 2013; Sherwin et al., 1989; Robinson et al., 1995; Farr and Gull, 2012). 

Those events are associated chronologically with pro-BB maturation, new flagellum growth, 

BBs segregation, and finally, cytokinesis combined with abscission (Fig. S1) (Wheeler et al., 

2013; Wheeler et al., 2019). In T. brucei, the first noticeable events of the cell cycle are BB 

maturation, the nucleation of a new MtQ and the biogenesis of a new flagellum (Lacomble et al., 

2009; Lacomble et al., 2010). Tight regulation of these events is critical for the parasite in 
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ensuring the correct position of the fold which determines the shape and form of the daughter 

cells and thereafter furrow ingression (Lacomble et al., 2010). The evolutionarily conserved 

protein kinases TbAUK1 (Aurora B kinase 1) and TbPLK (Polo-like kinase) may be involved in 

BB segregation (Ikeda and de Graffenried, 2012) while TbNRKC (NIMA related kinase C) is 

involved in replication and segregation  and TbLRTP is involved in their replication (Morgan et 

al., 2005; Pradel et al., 2006). TbPLK has been shown to interact with numerous trypanosome-

specific proteins including the cytokinesis regulator TOEFAZ1/CIF1 protein (McAllaster et al., 

2015; Zhou et al., 2016a). TOEFAZ1/CIF accumulates at the new FAZ tip in a complex with the 

CIF2 and CIF3 proteins, all involved in cytokinesis furrow initiation (Zhou et al., 2016a; 

Kurasawa et al., 2018; Kurasawa et al., 2022). Contrary to most higher eukaryotes that rely on a 

contractile actomyosin ring, abscission in T. brucei requires flagellar movements (Broadhead et 

al., 2006; Ralston et al., 2006) or an undiscovered membrane fission mechanism (Farr and Gull, 

2012).  

 

In eukaryotic cells, centrioles are structures with a diameter of approximately 250 nm and with a 

length ranging between 150-500 nm (Wine\ and O¶Toole, 2014). In a pair of centrioles, only the 

mother centriole (MC, i.e the mature centriole) bears distal appendages distal (DAs) and sub-

distal appendages (SDAs) (Hatch and Stearns, 2010). The DAs are shaped as radial nine-fold 

twisted arrangement structures with fibrous located centrally and symmetrically at the distal end 

of the mother centriole. Each DA is associated with one of the centriole triplets with an angle of 

about 50 degrees (Uzbekov and Alieva, 2018). SDAs are conical-shaped structures linked to the 

centrosomal barrel by two axonemal microtubules triplets (Paintrand et al., 1992; Uzbekov and 

AlieYa, 2018; Wine\ and O¶Toole, 2014). These appendages (DA and SDA) are required for 

ciliogenesis and MC transformation into a basal body (BB) (Hall and Hehnly, 2021; Jana et al., 

2014; Paintrand et al., 1992). MC and BB are similar in structure and function and the transition 

fibers that correspond to the DAs of the MC extend from the BB and connect to the plasma 
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membrane to initiate ciliogenesis (Hall and Hehnly, 2021; Kobayashi and Dynlacht, 2011; 

Kumar and Reiter, 2021; Paintrand et al., 1992; Pearson, 2014). The TF provide a physical 

demarcation of the flagellum/cilium compartment from the rest of the cell, allowing the 

recruitment and selective transport of proteins by the IFT machinery, essential for axoneme 

elongation and maintenance (Reiter et al., 2012; Wei et al., 2015). TF/DA components are well 

preserved among ciliated organisms such as CEP83, CEP89, CEP164 (centrosomal proteins), 

SCLT1 (sodium channel and clathrin linker 1), ANKRD26 (ankyrin repeat domain containing 

26) that forms the backbone of blades, and FBF1 (Fas-Binding Factor 1) that localizes within the 

distal appendage matrix (DAM) between the appendage blades in proximity to the ciliary 

membrane (Bowler et al., 2019; Chong et al., 2020; Graser et al., 2007; Greenan et al., 2020; 

Hodges et al., 2010; Joo et al., 2013; Tanos et al., 2013; Tischer et al., 2021; Wei et al., 2013; 

Yang et al., 2018). Recently, a bioinformatics analysis identified orthologs of CEP164 and 

ANKRD26 in T. brucei (Tischer et al., 2021). 

 

The trypanosome mature BB is composed of nine microtubule triplets followed by the transition 

fibres (TF) (Vaughan and Gull, 2016) and the transition zone (TZ) (Lacomble et al., 2009; 

Trépout et al., 2018; Vaughan and Gull, 2016). Together, the TF and TZ constitute the ciliary 

gate that serves as docking sites and regulators for intraflagellar transport and are involved in 

forming functional ciliary compartments in cilia and flagella (Reiter et al., 2012; Dean et al., 

2016). To date, only two proteins have been identified as TF proteins in T. brucei, TbRP2 and 

CEP164C (Atkins et al., 2021; Stephan et al., 2007). In eukaryotes, RP2 and CEP164 proteins 

are conserved and embedded at the transitional fibres of the mature basal body where they 

provide an essential cilium/flagellum-specific function (Andre et al., 2014; Gonçalves and 

Pelletier, 2017; Graser et al., 2007; Reiter et al., 2012; Slaats et al., 2014; Stephan et al., 2007). 

In dividing trypanosome cells, TbRP2 is observed at the TF in both the old and the new flagella 

(Andre et al., 2014; Stephan et al., 2007) whilst CEP164C is present only on the TF of the old 
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flagellum (Atkins et al., 2021). RNA interference (RNAi) knockdown of TbRP2 leads to 

axonemal microtubule formation defect, disturbs the recruitment of TZ proteins and induces loss 

of W\UoVinaWed Į-tubulin on the mature BB without affecting the other microtubules (Stephan et 

al., 2007; Harmer et al., 2017; Atkins et al., 2021). The depletion of CEP164C induces 

dysregulation of the old flagellum growth due to a defect in the locking mechanism that regulates 

old and new flagella growth (Atkins et al., 2021).  

 

Here, we have identified and characterized TFK1 (Transition Fibres Kinetoplastid-specific 

protein 1, Tb927.6.1180) as the first matrix transition fibre protein in T. brucei that is specific to 

kinetoplastids. Our high-resolution Ultrastructure Expansion Microscopy (U-ExM) data 

demonstrate new insight into the TF organization in T. brucei with distinct localization of 

TbRP2, CEP164C and TFK1. Our data reveal that TKF1 is composed of several predicted 

coiled-coil domains and an intrinsically disordered region (IDR). RNAi mediated knockdown of 

TFK1 in BSF induces previously undescribed cytokinesis defects that are ultimately lethal. Our 

results suggest an essential role for TFK1 in the coordination of certain cytoskeleton components 

during cell division of the bloodstream form T. brucei.  

 

 

Results 

TFK1 (Tb927.6.1180) is a kinetoplastid-specific coiled-coil protein 

Tb927.6.1180 protein (ProteinID: XP_845240.1) was first identified as a potential BILBO1 

binding partner, with a low interaction reliability predicted biological score, in T. brucei 927 

genomic yeast two-hybrid screen (Hybrigenics), using BILBO1 as bait (Albisetti et al., 2017). 

Here, we identified Tb927.6.1180 as a novel basal body protein and designated it as TFK1 for 

Transition Fibres Kinetoplastid-specific protein 1. TFK1 is a 141.19 kDa protein consisting of 

1271 amino acids with a calculated pI of 5.25 encoded by a single-copy gene located on 
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chromosome 6 (Fig.1A). TFK1 primary structure is composed of three distinct regions, (i) an 

N-terminal region (aa 1-74) with no predicted function, (ii) a large central region (aa 76-802) 

consisting of two coiled-coil regions CC1 (aa 76 to 536) and CC2 (aa 537-802), and (iii) a C-

terminal region (aa 803-1271) predicted as an intrinsically disordered region (IDR) (Fig. 1A). 

Further, the presence of the coiled-coil and IDR domains suggests that TFK1 could form a 

homodimer and interact with other protein partners (Barbar and Nyarko, 2015; Kuhn et al., 

2014; Uversky, 2013). Orthologs searches using BLAST-P, PSI-BLAST and HMMER  

(Altschul, 1997; Altschul et al., 2005; Finn et al., 2011) identified orthologs but only in the 

Kinetoplastea class with a conserved gene synteny. The TFK1 orthologs have an estimated 

molecular weight ranging from 118.41 to 160.11 kDa (for Phytomonas sp. and T. vivax 

respectively). A multiple sequence alignment using ClustalOmega identified the three 

conserved main regions (N-terminal domain, coiled-coil domain and IDR) among the TFK1 

orthologs (Fig. S2) (Madeira et al., 2019).  

 

TFK1 is located on the mature basal body  

To localize TFK1, we generated a mouse monoclonal antibody (anti-TFK1) against the full-

length purified TFK1 protein (Fig. S3A, B). Immunoblots of T. brucei cell lysates showed 

that anti-TFK1 recognized the wild-type TFK1 protein (141.19 KDa) in PCF and BSF forms 

(Fig. 1B) as well as an endogenously N-terminal TY1-tagged version of TFK1 (152.9 kDa) 

generated following the protocol described in (Dean et al., 2015) (Fig. S3C, D). The anti-

TFK1 labelling revealed a major band at the expected size but also several other bands in both 

PCF and BSF (Fig. 1B). These bands diminished after TFK1 RNA interference (RNAi) 

knockdown experiments (described below) (Fig. S3C, D) and could reflect the 

phosphorylation status of the serines S898, S906, S1104 and S919 identified in 

phosphoproteomic analyses (Nett et al., 2009; Urbaniak et al., 2013), or due to proteolysis 

during cell lysis due to the presence of potential cleavage sites in the C-terminal domain of 
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TFK1. As previously observed on the TrypTag Genome-wide Protein Localization Resource 

that localized an endogenously N-terminal mNeonGreen-tagged form of TFK 1 in the BB area 

(Dean et al., 2016), our anti-TFK1 labelling was observed as two dots close to the kinetoplast 

in whole cells but also in detergent-extracted cytoskeletons of PCF and BSF cells (Fig. S3E 

and Fig. 1Ca respectively). This labelling co-localized with an anti-HA tag labelling of 

endogenously tagged TFK1::HA (Fig. S3E). The presence of a N-terminus or C-terminus tags 

did not affect the TFK1 localization (Fig. S3E). Importantly, this labelling was also 

maintained on detergent-extracted cytoskeletons of PCF and BSF cells indicating that the 

TFK1 protein is a cytoskeleton-associated protein localizing on or close to the basal bodies 

(Fig. 1Ca).  

Further analysis of the immuno-labelling using the anti-TFK1 showed that TFK1 is present 

throughout the cell cycle at the base of both the old and the new flagellum in PCF and BSF 

(Fig. 1C). We thus wanted to co-label TFK1 with the BBs and flagellum-associated 

cytoskeleton protein markers BLD10, FTZC, CEP164C, TbRP2 and BILBO1. BLD10 is a 

conserved cartwheel protein (Carvalho-Santos et al., 2010) that stabilizes the 9-fold symmetry 

of the centriole in Chlamydomonas (Hiraki et al., 2007; Matsuura et al., 2004) and controls 

the formation of the flagellum central pair in Drosophila spermatozoid (Carvalho-Santos et 

al., 2012). BLD10 was also identified by bioinformatics and proximity-dependent biotin 

identification as a T. brucei basal body component (Dang et al., 2017). BLD10 localizes at 

both the mature and the immature BB throughout the cell cycle (Dang et al., 2017; Geimer 

and Melkonian, 2004). FTZC (for flagellar transition zone component) is a T. brucei specific 

protein localized at the perimeter of the transition zone (TZ) and thus can be used to localize 

the mature BB (Bringaud et al., 2000; Gorilak et al., 2021). CEP164C is a TFs protein that 

plays a role in the regulation of the T. brucei old flagellum length (Atkins et al., 2021) and 

TbRP2 is an alpha-tubulin binding and TFs protein involved in flagellum structure (Stephan et 

al., 2007) and in targeting of the ciliary gates TbMKS1 and TbMKS6 proteins (Andre et al., 
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2014). TbBILBO1 is one of the components of the flagellar pocket collar (FPC), a 

cytoskeleton structure distal to the transition zone that maintains the flagellar pocket enclosed 

around the flagellum (Bonhivers et al., 2008). BILBO1 is also present at the BB and most 

probably along the MtQ between the BBs and the FPC (Broster Reix et al., 2021a; Perdomo et 

al., 2022). To carry out these co-labelling experiments we generated PCF cell lines expressing 

endogenous N-terminal 10xTY1 tagged TFK1 (TY1::TFK1). To label the transition fibres, we 

generated a cell line expressing endogenous TY1::TbRP2, and used a mNeonGreen::CEP164C 

expressing PCF cell line (Atkins et al., 2021). Immunofluorescence assays in both PCF and 

BSF using anti-BLD10 (Dang et al., 2017) showed that despite close labelling, TFK1 does not 

co-localize with this BBs markers (Fig. 1Da and Fig. S4Aa) and is proximal to the FTZC 

labelling and to the FPC marker (BILBO1) (Fig. 1Db, c and Fig. S4Ab, c respectively). 

Interestingly, TFK1 co-localized, at least partially, with the two TF proteins TbRP2 and 

CEP164C (Fig. 1Dd and e, respectively).  

 

TFK1 is a transition fibre protein  

To analyze in more detail the basal bodies localization of TFK1 by increasing the spatial 

resolution, we used Ultrastructure Expansion Microscopy (U-ExM) (Amodeo et al., 2021; 

Gambarotto et al., 2021). TFK1::HA was co-labelled on detergent-extracted PCF cells with the 

cytoskeletal markers described above (Fig. 2). TFK1 appears as one set of nine individual 

dots organized in a circular fashion (Fig. 2Aa). This circular arrangement had average 

diameters of 1617 nm (inner) and 2533 nm (outer) which, after taking into account the 

expansion factor, indicates average diameters of 356 nm (inner) and 558 nm (outer) (n=10) 

(Fig. S4B). The BBs can be identified by BLD10 labelling which forms the cartwheel 

structure of the mature BB and the pro-BB (pBB) (Dang et al., 2017), while in G1 

trypanosome cells CEP164C labels the mature BB only (Atkins et al., 2021). At the early 

SK1N (Early kinetoplast S phase) stage of the cell cycle, the BB and pro-BB or the maturing 
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pro-BB (pBBm) are identified by BLD10 labelling (Dang et al., 2017). In these cells, TFK1 is 

only present on the mature basal body (BB) (Fig. 2Aa, e), and at a slightly later stage is also 

on the maturing pro-BB (pBBm) as shown with the BLD10 co-labelling (Fig. 2Ba, b). To 

distinguish between the BB and the maturing pro-BB, we used the  mNG::CEP164C expressing 

cell line (Atkins et al., 2021). In Fig. 2Ab, we show the first high-resolution localization of 

CEP164C that adopts punctuated radial arrangement, in agreement with the arrangement on 

TFs shown for the human ortholog CEP164 (Yang et al., 2018). Also, CEP164C labelling 

appears unregular in intensity and positioning suggesting a localization on different planes 

(Fig. 2Ab) similarly to the organization described for human ortholog CEP164 forming the 

backbone of the nine DA blades (Yang et al., 2018). Interestingly, the co-labelling of TFK1 

with CEP164C demonstrates that TFK1 is associated with the CEP164C-positive mature 

basal body labelling suggesting that TFK1 is a mature BB or maturing pro-BB protein (Fig. 

2Ab). Interestingly, it is noticeable that the gaps present between the CEP164C dots are filled 

with the TFK1 dots as observed on the top and side views (Fig. 2Ab, f) suggesting that TFK1 

and CEP164C belong to two different compartments of the TF. In addition, this is supported 

by the fact that in PCF, the knockdown CEP164C RNAi does not affect the localization of 

TFK1 at the TFs (Fig. S8b). 

Remarkably, co-labelling with TY1::TbRP2 revealed a continuous radial arrangement of TbRP2 

somewhat smaller and distinct from the nine-dot arrangement of TFK1 (Fig. 2Ac). In 

addition, the side views (Fig. 2Ag and Fig. 2Bd) confirmed that TbRP2 and TFK1 are on 

separate structures with TFK1 distal to TbRP2 (relative to the kinetoplast oriented downwards 

in Fig. 2 in the U-ExM images). At the early SK1N (Early kinetoplast S phase) stage of the 

cell cycle, BB and the maturation of the pro-BB are identified by BLD10 labelling (Fig. 2Bb). 

The U-ExM showed that TFK1 labelling is observed once the pro-BB matures. Indeed, the 

BLD10 labelling in figure 2Bb shows a newly maturing BB that is also associated to TFK1 

labelling (indicated with an asterisk, Fig. 2Bb). This is confirmed by the TbRP2 labelling that 
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shows a newly TbRP2-positive structure associated to TFK1 labelling (Fig. 2Bd, asterisk) and 

the TFK1 labelling (Fig. 2Bf, asterisk) close to the base of the presumed pro-BB MtQ labelled 

with BILBO1 (Broster Reix et al., 2021a), suggesting they could be markers for an event of 

maturation of the pro-BB. 

Subsequent immuno-gold electron microscopy images of thin sections from detergent-

extracted, pre-labelled, cytoskeletons using anti-TFK1 confirmed the precise location of 

TFK1 on the TF (Fig. 3). On longitudinal sections (micrographs A and B), the gold particles 

are observed at the tip of the TF region, at the base of the transition zone subtending the 

flagellum. This was clearly observed on transversal sections where the nine-bladed TF 

structures are radiating around the BB but the immuno-gold particles are distal to the blades 

(Fig. 3C and D). In order to determine the exact location, we measured the distance between 

the baVal bod\¶s center and the immuno-gold labelling on transversal sections revealing a 

length of 172±26 nm (n=28, white arrow in Fig. 3C and Table S1). In addition, some 

immuno-gold labelling was observed close to a pro-BB suggesting that it has already entered 

maturation (Fig. 3D) in agreement with our previous observation by U-ExM (Fig. 2Bb, d, f, 

indicated by an asterisk). 

Taken together, our data indicate that TFK1 is a cytoskeleton-associated protein expressed in 

PCF and BSF parasites throughout the cell cycle. TFK1 is a marker of BB maturation 

localizing at the tip of the TF, with a spatial organization that differs from those of the only 

other two T. brucei described TF proteins, CEP164C and TbRP2 and is schematized in Fig. 4. 

 

The TFK1 CC1 coiled-coil domain is sufficient to target to the transition fibre zone 

To further characterize the three main regions of the TFK1 protein, we generated PCF cell 

lines tetracycline-inducible (Wirtz et al., 1999) for the ectopic expression of C-terminus 

3xmyc-tagged TFK1 (TFK1::myc) and truncated forms of TFK1 (truncations T1 to T5 
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described in Fig. 5A) in the TFK1::HA background. The proteins were detected by 

immunofluorescence with anti-HA for the endogenous TFK1::HA and anti-myc for the ectopic 

copies (Fig. 5B and S5B), and with anti-myc by western blotting (Fig. S5A). The myc-tagged 

proteins were all expressed after tetracycline induction (Fig. S5A). The expression of the 

ectopic proteins was induced with tetracycline for 24 h and the cells were subjected to 

immunofluorescence and western blotting (24 h and 48 h induction) (Fig. 5B and S5A, B). 

TFK1::myc co-localized with endogenous TFK1::HA on detergent-extracted cytoskeletons (Fig. 

5Bc) with no cytoplasmic pool as observed on whole cells labelling (Fig. S5Bb). The 

truncations T1::myc (N-terminal domain) and T3::myc (IDR) both lacking the CC region were 

observed as a cytoplasmic pool in whole cells (Fig. 5Bd, f) that was removed in detergent-

extracted cytoskeleton (Fig. S5Bc, d) suggesting that they are not required or sufficient for 

TFs targeting. On the contrary, the large CC domain (composed of CC1 and CC2, T2::myc) co-

localized on the TF, together with the endogenous TFK1::HA on extracted cells (Fig. 5Be). To 

further uncover the exact region of the CC domain involved in the TFs targeting, the CC1 

(T4::myc) and CC2 (T5::myc) domains were expressed. Interestingly, we observed that the CC1 

domain localized to TF (Fig. 5Bg) whilst the CC2 domain was observed in the cytoplasm in 

whole cells (Fig. 5Bh) and was removed in detergent-extracted cytoskeleton (Fig. S5Be). 

These data show that the highly conserved coiled-coil domain CC1 (aa 76-536) is sufficient to 

address TFK1 to the TF.  

 

The CC1 coiled-coil domain is involved in TFK1-TFK1 interaction 

Because the CC and IDR domains can be involved in protein-protein interactions, we used the 

Yeast Two-Hybrid (Y2H) approach to determine if they could be involved in TFK1-TFK1 

interaction (Fig. 5C). Y2H assays demonstrated that TFK1 can form homodimers as cell 

growth was obtained for full-length TFK1 x full-length TFK1 (FL x FL, Fig. 5C). To identify 
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which domain was involved in this interaction, the truncations T1 to T5 were tested against 

the full-length TFK1. Only the truncations T2 (CC1+CC2) and T4 (CC1) interacted with 

TFK1 demonstrating that the conserved coiled-coil domain CC1 (aa 75-536) is implicated in 

the formation of homodimers. This interaction between the full-length TFK1 and its CC1 

domain should be considered into account in our immunolocalization of CC1 in vivo to the 

TFs (Fig. 5Bg) that could be a downstream result of its interaction with the endogenous full-

length TFK1 protein. Interestingly, dimerization - oligomerization was conceptualized for the 

recruitment of the CC-rich domain of human CEP164 to the centriole (Mennella et al., 2012; 

Yang et al., 2018). 

 

TFK1 Knockdown induces cell cycle arrest and cell death 

To assess the function of TFK1, a tetracycline-inducible RNAi knockdown approach was 

used in the TY1::TFK1 background PCF and BSF cells (Wirtz et al., 1999). No phenotypes 

were observed in PCF over the time of RNAi induction despite the decrease of protein level 

observed by western blot (Fig. S6A, B). However, absence of phenotypes might be due to 

incomplete depletion of TFK1 as the protein was still detected by western blotting after 96 h 

of induction (Fig. S6B). In contrast, in BSF cells, a growth arrest was observed 48 h post 

RNAi induction followed by cell death within 72 h (Fig. 6A). TFK1 protein level during 

RNAi induction was investigated by western blot and showed a strong decrease at 24 h post-

induction and very low detection at 48 h post-induction using both anti-TY1 (left panel) and 

anti-TFK1 (right panel) (Fig. 6B). In addition, TFK1 protein depletion was also observed by 

immunofluorescence as the protein was not detected after 24 h of induction (Fig. 6C). Since 

TFK1 RNAi is lethal in BSF, we assessed cell cycle progression at different time-points of 

induction by using DAPI to stain the kinetoplast (K) and the nucleus (N) DNA and quantify 

their numbers (Fig. 6D). At 24 h post induction (+ Tet 24 h), the percentage of 1K1N cells 
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decreased from 76% to ̱ 52%, together with an accumulation of 2K2N cells that increased 

from 8% to ̱ 22% (Fig. 6D Table). There was also appearance of abnormal cells such as 

1K2N (̱ 3%), XKXN (X�3) (̱ 8%) and ³UoXnd´ dead/d\ing cellV (̱ 3.4%) (Fig. 6D 

Histogram). Interestingly, the percentage of 2K2N cells at 48 h post induction (̱ 9%) was 

similar to the non-induced 2K2N population (̱8%) whilst the abnormal population of XKXN 

increased to ̱ 43% (Fig. 6D Histogram) suggesting a downstream effect of the increase of 

the 2K2N cell population at 24 h of induction (̱22%).  

Overall, these results indicate that TFK1 is essential in BSF T. brucei and its depletion 

induces cytokinesis defects without affecting mitosis leading to cells with an abnormal 

number of kinetoplasts and nuclei. 

 

Knockdown of TFK1 affects cleavage fold completion leading to ³lRcked posterior-

posterior´ aQd ³WaQdem-cell´ phenotypes in bloodstream forms  

To study further the phenotypes induced by TFK1 RNAi in BSF and to preserve the 

morphology of the cells, including the cytoplasmic bridge, WT or TFK1 RNAi non-induced 

and induced cells were fixed in the culture medium, stained with DAPI and observed by phase 

contrast. The number of kinetoplasts (arrow heads) and nuclei (asterisk) were followed along 

the cell cycle stages for the non-induced cells (Fig. 7Aa). At the 2K2N stage (Fig. 7Aa 2K2N, 

cytokinesis and abscission) cytokinesis progresses with the formation of a division cleft 

(dashed line) leading to the abscission stage where the two daughter cells are connected with 

the cytoplasmic bridge (arrow) in a posterior end-to-posterior end manner. Finally, the bridge 

is broken by flagellum-driven motility of both daughter cells (Wheeler et al., 2013). To 

investigate this division process during TFK1 depletion by RNAi, 24h-induced cells were 

similarly prepared and observed, with a particular attention to the 2K2N cells (Fig. 7Ab and 

c). No phenotype was observed in the first cell cycle stages (1K1N, S1K1N and 2K1N). 
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However, in the BSF 2K2N stage two main cytokinesis defect phenotypes were observed, (1) 

an increase in the 2K2N cell population of cells that are connected by their posterior ends 

with a cytoplasmic bridge at the abscission stage that we named the "locked posterior-to-

SoVWeUioU´ ShenoW\Se (from 17.6% in WT cells to 30.2% in induced cells) (Fig.7Ab, d) and (2) 

an unusual KNKN organization that we named Whe ³Wandem-cellV´ ShenoW\Se that was never 

observed in WT cells and reached 13.4% of the 2K2N induced cell population (Fig. 7Ac, d). 

Therefore, the normal population of 2K2N cells, with a KKNN organization, decreased 

significantly (from 82.4% in WT cells to 56.3% in induced cells) (Fig. 7Aa, d). 

In the "locked posterior-to-posterior´ phenotype, TFK1 RNAi induced BSF cells progressed 

normally through the cell cycle up to the abscission step. At the 2K2N stage an apparently 

proper fold and two nascent posterior ends were formed in the 2K2N cells (Fig. 7Ab, 2K2N 

cytokinesis), as well as the furrow ingression and pre-abscission by the presence of 

cytoplasmic bridge in a posterior-to-posterior organization (Fig. 7Ab, 2K2N no abscission). 

However, these cells were not able to complete abscission before asynchronous mitosis cycles 

occurs as shown by the number of DAPI-stained kinetoplasts and nuclei (Fig. 7Ab, XKXN no 

abscission). Both attached daughter cells were asynchronous with an unequal number of 

flagella visualized by PFR labelling (Fig. 7Ce and f). SEM analysis supported these 

observations, showing two daughter cells connected by their posterior ends (Fig. 7D arrows, 

locked posterior-to-posterior).  

In the previously undescribed 2K2N ³Wandem-cellV´ phenotype, the organization of the 

kinetoplasts and nuclei resembles the one in PCF cells with a KNKN distribution instead of a 

KKNN distribution (Fig. 7Ac, 2K2N). This cell population was never observed in non-

induced cells but represented 13.4% of the 2K2N population of 24h-induced TFK1 RNAi 

cells (Fig. 7Ad, ³tandem-cells´). The observation of these cells after detergent-extraction 

showed in more detail that the sub-pellicular microtubule cytoskeleton of both WT and 

tandem-cells form a continuous corset for the two daughter cells (Fig. 7Bb). However, the 
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tandem-cells have clearly misplaced new kinetoplast and new flagella (Fig. 7Bb). This could 

lead to or is the result of abnormal fold positioning (Fig. 7Bb) compared to the non-induced 

condition (Fig. 7Ba) where the fold terminates closer to the posterior end in BSF and defines 

the two nascent posterior ends (Wheeler et al., 2013). In induced cells, the DNA content of 

the two cells continued to replicate indicating a restart in cell cycle and leading to XKXN and 

multi-flagellated cells, as shown with the flagella labelling with the anti-PFR antibody (Fig. 

7Cb, c), without achieving cytokinesis (Fig. 7Ac XK2N, XKXN). Interestingly, whole cell 

and cytoskeleton preparations revealed the existence of a structure resembling a bridge that 

prevented daughter cell separation (Fig. 7Ac, arrows XNXN and Fig. 7Cc). Similar 

observations were made by scanning electron microscopy (SEM) showing this atypical 

organization of ³Wandem-cellV´ in BSF (Fig. 7D, arrows tandem-cells). 

 

In TFK1 RNAi induced cells, defects neither in the basal bodies (as labelled with anti-

BLD10) (Fig. S7Ab) nor in flagellum structure (as observed on thin section by electron 

microcopy) were observed (Fig. S7Ab). Likewise, the cytoskeleton-associated structures such 

as the flagellum (visualized by a PFR signal, Fig. 7C) and the flagellar attachment zone (FAZ, 

labelled with the anti-FAZ L3B2 monoclonal, Fig. 7C), and the flagellar pocket collar 

(labelled with anti-BILBO1, Fig. S7Ad, Ba and c) were unaffected by TFK1 knockdown. 

Comparison of electron microscopy images of thin sections from non-induced and 24 h 

induced TFK1 RNAi BSF cells showed no obvious difference in the overall ultrastructure of 

the cytoskeleton (Fig. S7B). PFR length was also measured in non-induced and induced 

TFK1 RNAi conditions and showed no change in the length of the flagella, suggesting a 

proper flagellum formation (Fig. S7C). We also compared the diameter of the TF area after 

TFK1 RNAi knockdown by measuring the distance between the two sides of the flagellar 

pocket at the base of the flagella (indicated by a white double-arrow on Fig. S7Bc), but this 

showed no significant differences between induced and non-induced cells (Fig. S7D). 
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Furthermore, on cells induced for the RNAi knockdown of the flagellar pocket collar protein 

BILBO1 that display a detached new flagellum and no FP biogenesis (Bonhivers et al., 2008), 

TFK1 labelling remains present at the BB (Fig. S8A). This suggests that absence of FP 

formation does not affect the localization and most probably the function of TFK1. 

Taken together, our data demonstrated that TFK1 is a TF fiber protein. Co-localization of 

TFK1 with CEP164C and TbRP2 suggest that TFK1 is the first TF matrix protein identified 

in trypanosomes and is essential for the last stages of the cell cycle of the T. brucei BSF 

(localization schematised in Fig. 8). Depending on the stage of progression in the cell cycle, 

TFK1 knockdown leads (i) a misplacement of the new BB resulting in a KNKN phenotype 

that we named ³tandem-cells´ WhaW haV not been reported previously in BSF and, (ii) to a 

defect in the abscission that has previously been described in PCF described for other cell 

cycle proteins (Sinclair-Davis et al., 2017). 

 

Discussion  

Trypanosome basal bodies act as vital master organizers of the cytoskeleton, organelles and 

flagellum positioning (Lacomble et al., 2009; Lacomble et al., 2010). During maturation, the 

pro-BB acquires appendages, essential structures for docking to the plasma membrane and 

recruitment of the intraflagellar transport proteins (IFT) (Stephan et al., 2007; Morga and 

Bastin, 2013; Wei et al., 2015; Bertiaux et al., 2018). These radial structures are comprised of 

nine distal appendages (DA)/transition fibres (FT) and nine sub-distal appendages (SDA) 

(Tanos et al., 2013; Vaughan and Gull, 2016; Garcia-Gonzalo and Reiter, 2017; Trépout et al., 

2018; Yang et al., 2018). In this study, we identified TFK1 (Transition Fibre protein 

Kinetoplastid specific-1) as a novel TF component and BB maturation marker which is unique 

to kinetoplastea class and present throughout the trypanosome cell cycle in PCF and BSF. 
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TFK1, a component of the distal appendage matrix in the transition fibres  

Only two TF proteins have been described in T. brucei, TbRP2 and CEP164C (Andre et al., 

2014; Atkins et al., 2021; Stephan et al., 2007). Using Ultrastructure Expansion Microscopy 

(U-ExM), we show for the first time in T. brucei the high resolution localization of CEP164C, 

that adopts a radial arrangement of several dense dots similar to the labelling observed for 

human CEP164 (Yang et al., 2018), and of TbRP2 that is proximal to CEP164C. We show 

here that TFK1 is localized at the BB, is distal to TbRP2 and is organized as nine equidistant 

dots around the BB that fill the circumferential gaps of CEP164C arrangement without co-

localization. Together with CEP164C and TbRP2, TFK1 is the third bona fide protein 

component of the trypanosome TFs.  

Recent ultrastructural studies of the human TFs/DAs described in great details a cone-shaped 

architecture composed of nine distal appendage blades (DABs) that are embedded in the distal 

appendage matrix (DAM), also known as periciliary diffusion barrier (PCB) (Nachury, 2018), 

where FBF1 (Fas-Binding Factor 1) and IFT molecules localize (Yang et al., 2018). Our 

measurements reveal that the nine TFK1 dots define with an inner and an outer diameter of 

356±28 nm and 558±58 respectively, similar to the diameters found for the human orthologs 

CEP164 (568±18 nm to 219±14 nm) and FBF1 (269±33 nm to 496±26 nm) on the DAs 

(Yang et al., 2018; Bowler et al., 2019; Katoh et al., 2020). Taken together, our data suggest 

that TFK1 may be present in the DAM structure similar to the FBF1 protein between the nine 

DABs composed of, among others, CEP164 (Yang et al., 2018). In addition, we show that the 

TFK1 immuno-gold labelling is located at 172±26 nm away from the BB¶V cenWeU, in 

agreement with the same distance of ~ 177 nm measured for mammalian centrioles (Bowler et 

al., 2019). This distance (or radius) is equivalent to a diameter of 344±51 nm. The diameter of 

the dense TF structures (the blades) observed in T. brucei by EM is in the range of 338 nm to 

388 nm (Trépout et al., 2018) suggesting that TFK1 localizes at the distal end of the blades 

structure in the DAM as described for FBF1 (Wei et al., 2013; Yang et al., 2018).  
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We show, in BSF, that depletion of TFK1 does not affect BB structures per se, flagella 

structure and length or the diameter of the TF area, indicating that TFK1 is not involved in the 

biogenesis of these cytoskeletal structures. In comparison, Atkins and colleagues have shown 

that RNAi of CEP164C, in PCF, induces abnormal elongation of the old flagella, without 

altering its structure (Atkins et al., 2021). Within the same RNAi strain, we show that when 

CEP164C is depleted TFK1 protein is still detected at the TF (Fig. S8B). These results 

indicate that while the two proteins CEP164C and TFK1 are close on the TF, TFK1 

localization is independent of CEP164C. This is similar to the absence of the human CEP164 

at the DAB tips that did not affect the recruitment of FBF1 to the DAM (Yang et al., 2018) 

indicating a distinct role from other central components of the DAB (Yang et al., 2018). FBF1 

is a DAM protein required for ciliogenesis, ciliary gating, centriole duplication and separation 

(Inoko et al., 2018; Tanos et al., 2013; Wei et al., 2013; Yang et al., 2018). Using BLAST-P, 

we searched for the FBF1 (isoform 1) human protein sequence (Q8TES7-1) ortholog in 

kinetoplastids and identified Tb926.6.4100 (Protein ID: XM_840435.1) with 11.6% similarity 

and 7.2% identity. Interestingly, Tb926.6.4100 was localized at the basal bodies by the 

TrypTag resource (Dean et al., 2016; Dean et al., 2017). DAM area could be composed of 

different proteins that play different functions, specific to the organism. 

TFK1 is involved in furrow function in the BSF cell cycle 

In BSF, TFK1 depletion induced a misregulation of the cell division cycle characterized by an 

arrest of cytokinesis at 2K2N stage leading to either a previously uncharacterized ³tandem-

cells´ phenotype, with a KNKN arrangement along the posterior to anterior of the cell axis, or 

a "locked posterior-to-posterior" phenotype (NKKN), which corresponded to an abscission 

arrest or delay leading to rapid cell death. Nevertheless, in both phenotypes, mitosis still 

occurred. However, no phenotype was observed in PCF RNAi cells. It is well documented 

that depletion of proteins involved in structural integrity and/or flagellum motility induces 

major defects in cytokinesis, which are frequently lethal in BSF (Broadhead et al., 2006; 
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Ralston et al., 2006; Dacheux et al., 2012; Wheeler et al., 2013; Dang et al., 2017; Zhang et 

al., 2019). In addition and confirming an important phenomenon observed by us, several 

studies show that RNAi knockdown of the same protein can produce different phenotypes in 

PCF and BSF life stages (Hammarton et al., 2003; Kumar and Wang, 2005; Broadhead et al., 

2006; Benz et al., 2012; Zhang et al., 2019; Lai et al., 2021; Morriswood et al., 2009; Broster 

Reix et al., 2021b). Our data demonstrate once again that the essentiality of a protein such as 

TFK1 can vary from one life-cycle stage to another in T. brucei. 

Interestingly, the TFK1 RNAi ³tandem-cells´ phenotype obtained in BSF show the same 

KNKN arrangement of WT, PCF cells suggesting a role of TFK1 in BB placement. During 

the elongation of the new flagellum in BSF, the distal tip is connected to the cell body plasma 

membrane in the groove structure, which is present until the new flagellum extends beyond 

the anterior end of the cell (Hughes et al., 2013). The initiation of the division fold and the 

cleavage furrow corresponds to the resolving of the groove and to a significant reduction of 

the distance between the two kinetoplasts (Hughes et al., 2017; Tyler, 2001). In the KNKN 

³Wandem-cellV´ ShenoW\Se, the new and old FAZ and the flagella grew properly but a stopping 

point for the elongation of the sub-pellicular microtubule corset and the separation of the 

flagella seemed to be missing as well as a starting point for the initiation of the cleavage 

furrow (Absalon et al., 2007; Davidge et al., 2006; Farr and Gull, 2012; Hughes et al., 2017; 

Robinson et al., 1995). 

The exact molecular role of TFK1 is yet to be discovered but, TFK1, together with TbRP2 

were identified by proximity-dependent biotinylation identification (BioID) as an interactor 

protein of TOEFAZ1/CIF1 (a key regulator of the cytokinetic furrow) but not CEP164C 

(Hilton et al., 2018). However, our Y2H assays did not show a direct interaction between 

TFK1 and TOEFAZ1/CIF1 (Fig. S8C) suggesting that TOEFAZ1/CIF comes in close 

proximity to TFK1 during its journey along the flagellum (McAllaster et al., 2015; Sinclair-
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Davis et al., 2017; Zhou et al., 2016a) but do not interact. Moreover, TFK1 has been 

identified in the proteomic analyses of the immuno-isolated bi-lobe complex (Gheiratmand et 

al., 2013). Gheiratmand and colleagues have identified many other proteins localized on 

single-copy organelles such as the flagellum, the MtQ, the FPC, the kinetoplast, and the bi-

lobe but neither TbRP2 nor CEP164C were identified in their analysis. This suggests that 

TFK1 could be specialized in interacting with some proteins that transit along the MtQ 

towards the bi-lobe and beyond.  

Our study also shows that TFK1 depletion induces the blockage or delay of abscission, 

leading to the ³locked posterior-to-posterior´ phenotype, while allowing further rounds of 

mitosis. 

 

TFK1, a candidate regulator of cytokinesis in bloodstream form 

The studies of the trypanosome-specific key regulators (TOEFAZ1/CIF1, CIF2, CIF3, KLIF, 

FRW1) in the initiation of cytokinesis in T. brucei have shown that they are regulated by 

different mechanisms at different stages of the life cycle (BSF and PCF) (Zhou et al., 2016a; 

Zhou et al., 2016b; Zhou and Li, 2016; Hilton et al., 2018; Zhou et al., 2018). The two 

trypanosome-specific proteins KLIF and FRW1 are remarkable examples. Both were 

identified at the cell division fold and cleavage furrow (Hilton et al., 2018; Zhou et al., 2018). 

Although these two proteins are expressed in both forms, KLIFF is essential in PCF and 

FRW1 is essential in BSF (Hilton et al., 2018; Zhang et al., 2019). FRW1 is localized at the 

BBs and at the furrow ingression during cytokinesis but its depletion was not essential for 

survival in PCF. In contrast, in BSF, FRW1 has been detected as multiple punctate dots in the 

middle portion of the cells and its depletion was leading to defects in cytokinesis initiation 

and lethal (Zhang et al., 2019). The common underlying mechanism between the phenotypes 
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induced during the RNAi of TFK1 and of FRW1 could be the modification of the corset at a 

specific time point. This would first allow the initiation of the groove ingression that could be 

affected in the ³tandem-cell´ phenotype and second, to cut the cytoplasmic bridge, a cut that 

no longeU occXUV oU iV dela\ed in Whe ³locked SoVWeUioU-to-SoVWeUioU´ ShenoW\Se. The eVVenWial 

role of the centriole in cytokinesis and especially in the regulation of abscission has been 

described in mammalian cell lines. Migration of the centriole to the intercellular bridge 

(midbody) controls the release of microtubules and the completion of cell division. The 

authors suggest that this centrosome-dependent pathway may have been conserved during 

evolution (Jonsdottir et al., 2010; Piel et al., 2001). The centriole and basal body clearly have 

other, cryptic functions that to date have not clearly been elucidated. 

In summary, our results describe TFK1 as a kinetoplastid specific protein and as a mature and 

maturing BB marker, localized on the transitional fibres. TFK1 is the third component of the 

transition fibre region, with TbRP2 and CEP164C, in T. brucei. TFK1 is displayed in a typical 

radial arrangement in the distal appendage matrix, as nine dense points between the molecules 

of CEP164C. TFK1 is essential for BSF, unlike PCF. Its depletion induces, on one hand, the 

absence of furrow associated with segregation of BBs similar to that of PCFs (KNKN) and on 

the other hand, leads to the blockage of abscission during cytokinesis in BSFs. These two 

processes maybe interlinked or have some degree of interdependency. Our results suggest an 

essential role of TFK1 in the segregation and positioning of BBs to ensure the shape of 

subsequent daughter cells. The role of TFK1 could be extended to other forms of the 

trypanosome life cycle, which exhibit different morphologies (trypomastigote and 

epimastigote) as well as a different positioning of the nucleus and basal bodies along the axis 

of the cell (Langousis and Hill, 2014; Varga et al., 2017; Zhang et al., 2019; Lemos et al., 

2020).  
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Materials and Methods 

IQ VilicR aQal\ViV 

The TrypTag resource (http://tryptag.org) (Dean et al., 2016) localized previously 

Tb927.6.1180 (ProteinID: XP_845240.1) as a basal body protein. TFK1 orthologs were 

identified by walking BLAST-P, PSI-BLAST and HMMER (Altschul, 1997; Altschul et al., 

2005; Altschul et al., 2005; Finn et al., 2011) using default parameters (standard databases, 

non-redundant protein sequences database, maximum target sequences 100, with short 

queries, expect threshold E-value of 0.05 (and 0.01), no maximum matches in a query range). 

A multiple sequence alignments using ClustalOmega identified three main regions where 

residues are conserved among the TFK1 orthologs (Madeira et al., 2019). Accession numbers 

of protein sequences used are:  (XP_845240.1, Tb927.6.1180), TU\SaQRVRPa bUXcei

 (XP_011773895.1, Tbg972.6.880),  TU\SaQRVRPa bUXcei gaPbieQce TU\SaQRVRPa cRQgROeQVe

(CCC90840.1, TcIL3000_6_680),  (PWV00945.1, TcCLB.507603.120), TU\SaQRVRPa cUX]i

 (CCC48277, TvY486_0600680),  (Q4QGT1, TU\SaQRVRPa YiYa[ LeiVhPaQia PaMRU

LmjF.12.0120), . (CCW65273.1, GSEM1_T00005970001), Ph\WRPRQaV VS CUiWhidia 

(CFAC1_010006900, CFAC1_06_0150Z). InterPro provided functional analysis faVcicXOaWe 

primary and secondary structures of proteins (https://www.ebi.ac.uk/interpro/) (Blum et al., 

2021). 

 

TU\SaQRVRme cell liQeV, cXlWXUe aQd WUaQVfecWiRQ 

PUoc\clic (PCF) cell line SmO[ P427 (Poon eW al., 2012) ZaV gUoZn in SDM-79 mediXm (GE 

HealWhcaUe, G3344-3005) SH7.4 VXSSlemenWed ZiWh 2 mg/mL hemin (Sigma AldUich, H-

5533), 26 �M VodiXm bicaUbonaWe, 10 mM D-glXcoVe, 3.5 mM L-glXWamine, 5.3 mM L-

SUoline, 0.9 mM VodiXm S\UXYaWe, 3.4 mM L-WhUeonine, 150 mM glXWamic acid, 120 �M 

VodiXm aceWaWe, 230 �M D-glXcoVamine, 10% feWal calf VeUXm comSlemenW-deacWiYaWed aW 

56�C foU 30 minXWeV (FBS; Gibco, 11573397), 1 �g.mL-1 SXUom\cin and incXbaWed aW 27�C. 
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BloodVWUeam (BSF) cell line SmO[ B427 (Poon eW al., 2012) ZaV cXlWXUed in IMDM mediXm 

conWaining 10% foeWal calf VeUXm comSlemenW-deacWiYaWed aW 56�C foU 30 minXWeV (FBS; 

Gibco, 11573397), 36 mM VodiXm bicaUbonaWe, 136 �g.mL-1 h\So[anWhine, 39 �g.mL-1 

Wh\midine, 110 �g.mL-1 VodiXm S\UXYaWe, 28 �g.mL-1 baWhocXSUoine, 0.25 mM ȕ-

meUcaSWoeWhanol, 1.7 mM L-c\VWeine, 62.5 �g.mL-1 kanam\cin, 0.1 �g.mL-1 SXUom\cin and 

incXbaWed aW 37�C ZiWh 5% CO2. FoU WUanVfecWion, cell lineV ZeUe gUoZn aW 5-10[106 cellV/mL, 

When 3[107 cellV ZeUe elecWUo-WUanVfecWed XVing WUanVfecWion bXffeU aV SUeYioXVl\ deVcUibed 

(WiUW] eW al., 1999; SchXmann BXUkaUd eW al., 2011) ZiWh 10 ȝg of lineaUi]ed SlaVmid XVing 

NoWI oU PCR SUodXcW XVing Whe SUogUam X-001 of Whe NXcleofecWoU�II, AMAXA aSSaUaWXV 

(BioV\VWemV).  

AfWeU WUanVfecWion, cloneV ZeUe obWained b\ VeUial dilXWion and mainWained in logaUiWhmic 

ShaVe gUoZWh aW 2[106 cellV.mL-1 foU PCF and aW 1[105 cellV.mL-1 foU BSF. SelecWion 

anWibioWicV ZeUe added Wo Whe media accoUding Wo Whe WUanVfecWed SUodXcW. Phleom\cin (5 

ȝg.mL-1 foU PCF and 2.5 ȝg.mL-1 foU BSF) ZaV added Wo Whe media of WUanVfecWed cellV Wo 

VelecW foU WhoVe haUboUing Whe SLeZ100-3cM\c and S2T7WiB conVWUXcWV, blaVWicidin (20 ȝg.mL-

1 foU PCF and 10 ȝg.mL-1 foU BSF) and h\gUom\cin (25 ȝg.mL-1 foU PCF and 5 ȝg.mL-1 foU 

BSF) ZeUe added Wo VelecW Whe WUanVfecWed cellV haUboUing endogenoXV WagV XVing SPOT 

YecWoUV (Dean eW al., 2015). Gene e[SUeVVionV and RNAi indXcWion in Whe SaUaViWeV ZeUe 

indXced ZiWh WeWUac\cline aW 10 ȝg.mL-1. GUoZWh cXUYeV UeSUeVenWing logaUiWhmic nXmbeU of 

cellV ZeUe calcXlaWed b\ coXnWing Whe nXmbeU of cellV eYeU\ 24 h XVing MallaVVe] coXnWing 

chambeU VlideV.  
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PlaVmid cRQVWUXcWiRQ 

E. cROL BL21 (DE3) e[SUeVViRQ YecWRUV. To SUodXce Whe anWi-TFK1 moXVe monoclonal 

anWibod\, Whe TFK1 oSen Ueading fUame ZaV amSlified fUom T. bUXcei 927 genomic DNA 

(MelYille eW al., 2000) and cloned beWZeen HindIII and BamHI UeVWUicWion ViWeV inWo SET28a+ 

(NoYagen) in fUame ZiWh a C-WeUminXV 6-hiVWidine Wag. 

TU\SaQRVRme YecWRUV. To e[SUeVV Whe fXll-lengWh TFK1 (aa 1-1271) and iWV WUXncaWionV (T1: 

aa 1-74; T2: aa 75-802; T3: aa 803- 1271; T4: aa 75-536; T5: aa 537-802) in PCF, Whe 

fUagmenWV ZeUe amSlified b\ PCR and cloned inWo HindIII and NdeI UeVWUicWionV ViWeV of Whe 

SLEW100-X-3cM\c in fUame ZiWh Whe C-WeUminXV 3[M\c Wag (home-modified fUom WiUW] eW 

al., 1999). FoU Whe RNAi e[SeUimenWV in PCF and BSF, Whe TFK1 coUUeVSonding fUagmenW 

(466 - 976 bS) ZaV cloned beWZeen XbaI and XhoI UeVWUicWion ViWeV of Whe WZin SUomoWeUV 

SlaVmid S2T7WiB (LaCoXnW eW al., 2002). FoU endogenoXV gene Wagging, SUimeUV ZeUe deVigned 

aV deVcUibed in (Dean eW al., 2015) and PCR ZaV SeUfoUmed XVing SPOTY4 (foU N-WeUminXV 

10-TY1 Wagging , BlaVWicidin UeViVWance) oU SPOTY7 YecWoU (foU C-WeUminXV 3-HA Wagging, 

H\gUom\cin UeViVWance) aV WemSlaWe. The PCR SUodXcW ZaV When XVed foU WU\SanoVome 

WUanVfecWion aV deVcUibed in (Dean eW al., 2015).  

YeaVW-WZR-h\bUid YecWRUV. To e[SUeVV Whe fXll-lengWh TFK1 (aa 1-1271) and iWV WUXncaWionV 

(T1: aa 1-74; T2: aa 75-802; T3: aa 803-1271; T4: aa 75-536; T5: aa 537-802) in \eaVW foU 

inWeUacWion WeVW, Whe fUagmenWV ZeUe amSlified and cloned inWo SmaI and BamHI UeVWUicWion 

ViWeV of Whe SGAD-T7 (AcWiYaWing domain, ClonWech) and inWo BamHI and NcoI UeVWUicWion 

ViWeV of Whe SGBK-T7 (Binding domain, ClonWech). 

 

WeVWeUQ blRW aQal\ViV 

TU\SanoVomeV ZeUe collecWed, cenWUifXged aW 1000 [ g (PCF) oU 800 [ g (BSF) foU 10 minXWeV, 

and ZaVhed in PBS foU PCF and YPBS (136.9 mM NaCl, 3 mM KCl, 16 mM Na2HPO4, 3 

mM KH2PO4, 45.9 mM VXcUoVe, 10 mM glXcoVe) foU BSF. FoU Zhole cellV, Whe nXmbeU of 
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cellV Wo be loaded SeU Zell ZeUe calcXlaWed, When Ue-VXVSended in SUoWein VamSle bXffeU 2[, 

SlXV nXcleaVe 250 IU.mL-1 (Sigma AldUich, Ref. E1014). FoU deWeUgenW-e[WUacWed cellV 

(c\WoVkeleWonV), cellV ZeUe ZaVhed and Ue-VXVSended in 1% NP40, 100 mM PIPES SH6.9, 1 

mM MgCl2 foU 7 minXWeV. C\WoVkeleWonV ZeUe checked b\ micUoVcoS\, When cenWUifXged aW 

Uoom WemSeUaWXUe foU 10 minXWeV aW 1000 [ g, ZaVhed in 100 mM PIPES SH6.9, 1 mM MgCl2 

and UeVXVSended in 2[ VamSle bXffeU. The VamSleV ZeUe boiled aW 100ƕC foU 5 min When VWoUed 

aW -20ƕC XnWil UeTXiUed. Ten SeUcenW SDS-PAGE gelV ZeUe SUeSaUed and VamSleV loaded aW 

5[106 PCF oU BSF WU\SanoVome cellV SeU Zell accoUding Wo Whe e[SeUimenW. SamSleV ZeUe 

VeSaUaWed accoUding Wo manXfacWXUeU¶V UecommendaWionV When WUanVfeUUed in a Vemi-dU\ V\VWem 

(BIORAD TUanV-BloW Semi-dU\ WUanVfeU cell 221BR54560) onWo PVDF membUane and 

incXbaWed ZiWh blocking VolXWion (BS: 5% Vkimmed milk SoZdeU, 0.2% TZeen-20 in TBS) foU 

1 hoXU. FoU deWecWion of Wagged/non-Wagged SUoWein e[SUeVVion in WU\SanoVomeV, an anWi-Wag 

anWibod\ oU an anWibod\ againVW Whe naWiYe SUoWein ZaV dilXWed in blocking VolXWion accoUding 

Wo Whe UecommendaWion and incXbaWed ZiWh Whe membUaneV oYeUnighW aW 4�C. MembUaneV ZeUe 

ZaVhed in TBS and When in BS befoUe SUobing ZiWh a VSecific VecondaU\ anWibod\ conjXgaWed 

Wo HoUVe RadiVh PeUo[idaVe (HRP) foU 60 minXWeV aW RT. The folloZing anWibodieV ZeUe XVed 

aV SUimaUieV: anWi-TFK1 (moXVe monoclonal IgG1 SXUified, 1:500), anWi-HA (moXVe 

monoclonal IgG1, Biolegend, 901513, 1:1,000), anWi-TY1  (BB2 moXVe monoclonal anWibod\ 

IgG1, 1:100) (BaVWin eW al., 1996) and anWi-cM\c (UabbiW Sol\clonal, Sigma, C-3956, 1 : 

1,000). AnWi-EnolaVe (UabbiW Sol\clonal, 1:70,000) (HannaeUW eW al., 2003) and anWi-WXbXlin 

(TAT1 moXVe monoclonal, 1:1,000) (WoodV eW al., 1989) ZeUe XVed aV loading conWUolV. The 

VecondaUieV XVed ZeUe anWi-moXVe HRP, dilXWed 1:10,000 in BS (JackVon, VheeS, 515-035-062) 

and anWi-UabbiW HRP, dilXWed 1:10,000 in BS (Sigma, goaW, A9169). ReYelaWion ZaV caUUied oXW 

XVing Image QXanW LAS 4000 (GE) oU Chemidoc (BioUad).   
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ImmXQRflXRUeVceQce aVVa\V  

1mL of log-ShaVe PCF cellV ZeUe cenWUifXged foU 10 minXWeV aW 1000[g, ZaVhed in 1[ PBS, 

When 30 ȝL ZaV loaded onWo Sol\-L-l\Vine 0.1% VolXWion (Sigma-AldUich, P8920) coaWed 

VlideV foU 5 minXWeV Wo adheUe. Whole cellV ZeUe fi[ed in meWhanol aW -20�C foU aW leaVW 30 

minXWeV. C\WoVkeleWon e[WUacWion ZaV caUUied oXW ZiWh 0.25% NP40 (IgeSal) in PIPES bXffeU 

(100 mM PIPES SH 6.8, 1 mM MgCl2) foU 5 minXWeV, ZaVhed WZice in PIPES bXffeU and 

c\WoVkeleWonV ZeUe fi[ed ZiWh meWhanol aV deVcUibed in (FloUimond eW al., 2015). FoU BSF, 10 

mL of log-ShaVe cellV ZeUe collecWed, cenWUifXged aW 800 [ g foU 10 minXWeV, When ZaVhed in 

YPBS; Zhole cellV ZeUe fi[ed in 2% foUmaldeh\de diUecWl\ in Whe mediXm foU 10 minXWeV and 

When loaded onWo Sol\-L-l\Vine 0.1% VolXWion (P8920 Sigma-AldUich) coaWed VlideV foU 5 

minXWeV Wo adheUe and SeUmeabili]ed b\ meWhanol immeUVion foU 5 minXWeV (WheeleU eW al., 

2013). C\WoVkeleWon e[WUacWion ZaV caUUied oXW ZiWh 0.25% NP40 (aV deVcUibed aboYe). Fi[ed 

cellV ZeUe When incXbaWed foU 1 hoXU ZiWh Vingle oU combinaWion of anWibodieV dilXWed in PBS + 

2% BSA: anWi-HA moXVe monoclonal anWibod\ IgG1 (Biolegend, 901513, 1 : 1,000), anWi-HA 

moXVe monoclonal anWibod\ IgG2a, (GeneWe[, GTX628902, 1 : 1,000) and anWi-TY1 BB2 

(Bastin et al., 1996)moXVe SXUified monoclonal anWibod\ IgG1 (1:1,000)  ZeUe XVed aV 

anWibodieV againVW Wagged SUoWeinV, anWi-cM\c (UabbiW Sol\clonal, Sigma, C-3956, 1 : 1,000) Wo 

deWecW oYeUe[SUeVVed SUoWeinV, anWi-TFK1 moXVe monoclonal SXUified anWibod\ IgG1 ZaV XVed 

Wo deWecW Whe naWiYe TFK1 SUoWein (1:500), anWi-BLD10 (1:1,000) (Dang eW al., 2017) ZeUe 

XVed aV SUo- and maWXUe baVal bodieV maUkeU, anWi-FTZC UabbiW Sol\clonal anWibod\ (1:10,000) 

(Bringaud et al., 2000) ZaV XVed aV a WUanViWion ]one maUkeU, anWi-TbBILBO1 UabbiW 

(Florimond et al., 2015)Sol\clonal (amino-acidV 1-110, 1:4,000) , anWi-PFR2 UabbiW Sol\clonal 

(Kohl et al., 1999)anWibod\ (1:200) , anWi-FAZ moXVe monoclonal anWibod\ L3B2 (1:1,000) a 

(Kohl et al., 1999)kind gifW fUom K. GXll , anWi-mNeonGUeen (UabbiW Sol\clonal, Ximbio, 

155278, 1 : 10,000), ZaVhed WZice in PBS + 0.1% TZeen20, When incXbaWed 1 hoXU ZiWh Whe 

aSSUoSUiaWe VecondaU\ anWibodieV dilXWed 1:100 in PBS + 2% BSA: anWi-moXVe IgG FITC-
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conjXgaWed (JackVon, 115-095-164), anWi-UabbiW Ale[a flXoU 594-conjXgaWed (MolecXlaU 

SUobeV, A-11012), anWi-moXVe IgG1 Ale[a flXoU 594-conjXgaWed  (MolecXlaU SUobeV, A-

21125), anWi-moXVe IgG2a Ale[a flXoU 488-conjXgaWed (MolecXlaU SUobeV, A21131). 

KineWoSlaVWV and nXclei ZeUe VWained ZiWh 10 μL DAPI (10μg/ml) in 1[PBS foU 5 minXWeV and 

VlideV ZeUe moXnWed ZiWh SloZfade� Gold anWifade UeagenW (MolecXlaU PUobeV). ImageV ZeUe 

acTXiUed on a ZeiVV ImageU Z1 micUoVcoSe ZiWh ZeiVV 100[ oil objecWiYe (NA 1.4), XVing a 

PhoWomeWUicV CoolVnaS HQ2 cameUa and MeWamoUSh VofWZaUe (MolecXlaU DeYiceV) and 

SUoceVVed ZiWh ImageJ (SchneideU eW al., 2012). 

 

ElecWURQ micURVcRS\ WhiQ VecWiRQ 

The non-induced and induced TFK1 RNAi knockdown BSF cell pellets were placed on the 

surface of a copper EM grid (400 mesh) that had been coated with formvar. Each grid was 

very quickly submersed in liquid propane precooled and held at -180°C by liquid nitrogen as 

described in (BlancaUd and Salin, 2017). Briefly, the loops were then transferred in a pre-

cooled solution of 4% osmium tetroxide in dry acetone in a 1.8 ml polypropylene vial at -

84°C for 72h (substitution), warmed gradually to room temperature (1h -30°C, 2h -15°C, 2h 

4°C and 30 min room temperature) followed by three washes in dry acetone. The samples 

were infiltrated progressively with araldite (epoxy resin Fluka). Ultrathin sections were 

contrasted with lead citrate and observed at 80kV on a Hitachi 7650 transmission electron 

microscope.   

 

ImmXQR-elecWURQ micURVcRS\ 

500 mL of mid log phase SUoc\clic SmO[P427 cell line endogenoXVl\ + TFK1::3HA were 

harvested at 1,000 x g, for 5 minutes, washed twice with PBS by centrifugation and 

resuspended in PBS. Freshly glow-discharged, formvar and carbon-coated G2000-ni nickel 

grids (EMS) were floated on a droplet of cells for 15 minutes. Grids were then moved onto a 
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drop of 1% NP-40 in PEME buffer (100 mM PIPES pH 6.8, 1 mM MgCl2, 0.1 mM EGTA) 5 

minutes at RT to extract the cells. Cytoskeletons were washed twice (2 x 5 minutes) in PEME 

buffer at RT, equilibrated and blocked on 50 ȝL drops of 2% fish skin gelatin (Sigma-Aldrich 

G7041) or blocking buffer (0.5% BSA, 0.1% Tween20 in PBS), then incubated on 25 ȝL of 

primary antibody diluted in blocking buffer (primary antibody was used either alone, or 

mixed with a second primary antibody), 1 hour at room temperature (RT). Mouse IgG1 anti-

TFK1 purified monoclonal antibody was diluted 1:500. Grids were blocked and incubated in 

secondary antibody for 1h at RT (goat anti-mouse GMTA 5 nm gold, BBInternational) 1:10 in 

0.2% fish skin gelatin in PBS.  Grids were blocked  and fixed in 2.5% glutaraldehyde in 0.2% 

fish skin gelatin in PBS. Samples were negatively stained with 1% aurothioglucose (Sigma-

Aldrich) (10 ȝl for 30 sec), Micrographs were taken on a Philips Tecnai 12 transmission 

electron microscope at 100 kV. 

 

UlWUaVWUXcWXUe E[SaQViRQ MicURVcRS\ (U-E[M) 

The SUoWocol XVed Wo aVVa\ UlWUaVWUXcWXUe E[SanVion MicUoVcoS\ on WU\SanoVome haV been 

described in the online deVcUibed, adaSWed and oSWimi]ed fUom (GambaUoWWo eW al., 2021) and 

protocol https://dx.doi.org/10.17504/protocols.io.bvwqn7dw. BUiefl\, 4[106 cellV of mid log phase 

mNeonGreen::CEP164C SUoc\clic SmO[ cell line endogenoXVl\ Vingle Wagged TFK1::3HA, and 

doXble Wagged 10TY1::TbRP2 + TFK1::3HA and loaded onWo Sol\-L-l\Vine 0.1% VolXWion (Sigma-

AldUich, P8920) coaWed 12mm coYeUVliSV in 24-Zell SlaWe and cellV lefW Wo adheUe beWZeen 5 Wo 

10 minXWeV. CellV ZeUe coYeUed ZiWh 1 mL of acWiYaWion VolXWion (0.7% foUmaldeh\de, 1% 

AcU\lamide in PBS) foU 4 h aW 37�C ZiWh VloZ agiWaWion. FoU Whe gelaWion VWeS, coYeUVliSV ZeUe 

genWl\ deSoViWed on WoS of a 35 �l dUoS of MS VolXWion (23% SodiXm acU\laWe (AK VcienWific 

R624), 10% AcU\lamide (EXUomede[ EU0060-A), 0.1% BiV-acU\lamide (EXUomede[ 

EU0560-A) in PBS) foU 2 minXWeV When WUanVfeUUed Wo a 35 �l dUoS of MS, 0.5% TEMED 

(EXUomede[ 50406-A), 0.5% AmmoniXm SeUVXlfaWe (EXUomede[ EU0009-A) foU 5 minXWeV 
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on ice When WUanVfeUUed aW 37�C and incXbaWed foU 1 h in a moiVW chambeU ZiWhoXW agiWaWion. 

The coYeUVliSV ZeUe When WUanVfeUUed in 6-Zell SlaWe in 1 mL of denaWXUaWion VolXWion (200 

mM SodiXm Dodec\l SXlfaWe, 200 mM SodiXm chloUide, 50 mM TUiV SH 9.0) ZiWh agiWaWion 

aW RT foU 15 minXWeV Wo deWach Whe gel fUom Whe coYeUVliS, WhaW ZaV When moYed inWo a 1.5 mL 

ESSendoUf cenWUifXge WXbe filled ZiWh denaWXUaWion VolXWion and incXbaWed aW 95�C foU one 90 

minXWeV. GelV ZeUe e[Sanded in laUge YolXmeV of deioni]ed ZaWeU (WZice 30 minXWeV When 

oYeUnighW) When incXbaWed in a laUge YolXme of PBS foU 10 minXWeV (WhUee WimeV). Small SieceV 

of Whe gelV ZeUe SUoceVVed foU immXno-labelling aV folloZV. The gelV ZeUe SUeincXbaWed in 

blocking VolXWion (PBS, 2% BSA, 0.2% TZeen20) foU 30 minXWeV aW 37�C. The SUimaU\ 

(Dang et al., 2017)anWibodieV (UabbiW Sol\clonal anWi-BLD10 , 1:500 dilXWion; UabbiW 

(Florimond et al., 2015)Sol\clonal anWi-BILBO1, dilXWion 1:1,000 ; monoclonal moXVe IgG1 

anWi-HA, 1:500 dilXWion (Biolegend, 901513); anWi-HA (moXVe monoclonal IgG2a, GeneWe[, 

  GTX628902, 1 : 200); UabbiW Sol\clonal anWi- mNeonGUeen (Ximbio, 155278), 1:1000 

dilXWion, dilXWed in blocking VolXWion ZeUe incXbaWed foU 3 h in Whe daUk aW 37�C ZiWh VloZ 

agiWaWion. AfWeU WhUee ZaVheV in blocking VolXWion, gelV ZeUe incXbaWed ZiWh Whe VecondaU\ 

anWibodieV (anWi-UabbiW Ale[a flXoU 594-conjXgaWed 1:500 dilXWion (MolecXlaU SUobeV, goaW, 

A11012); anWi-moXVe Ale[a flXoU 488-conjXgaWed dilXWion 1:500 (MolecXlaU PUobeV, O-6380); 

anWi-MoXVe IgG1 VSecific Ale[a flXoU-594 conjXgaWed 1:500 dilXWion (MolecXlaU PUobeV, 

A21125); anWi-MoXVe IgG2a VSecific Ale[a flXoU 488-conjXgaWed 1:500 (MolecXlaU PUobeV, 

A21131) dilXWed in blocking VolXWion foU 3 h in Whe daUk aW 37�C ZiWh VloZ agiWaWion. AfWeU 

WhUee ZaVheV in blocking VolXWion, gelV ZeUe e[Sanded in a laUge YolXme of deioni]ed ZaWeU 

(WZice 30 minXWeV When oYeUnighW). An e[SanVion facWoU ZaV deWeUmined XVing Whe UaWio 

beWZeen Whe Vi]e of Whe coYeUVliS (12 mm) and Whe Vi]e of Whe gelV afWeU Whe fiUVW e[SanVion. U-

E[M imageV ZeUe acTXiUed on a ZeiVV ImageU Z1 micUoVcoSe ZiWh ZeiVV 63[ oil objecWiYeV 

(NA 1.4), XVing a PhoWomeWUicV CoolVnaS HQ2 cameUa and MeWamoUSh VofWZaUe (MolecXlaU 

 DeYiceV) and SUoceVVed ZiWh ImageJ (SchneideU eW al., 2012).
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ScaQQiQg ElecWURQ micURVcRS\ 

BSF Zild-W\Se and BSF TFK1 24 h RNAi knockdoZn in endogenoXVl\ Wagged 10TY1::TFK1 

ZeUe ZaVhed in YPBS and loaded onWo Sol\-L-l\Vine 0.1% VolXWion (Sigma-AldUich, P8920) 

coaWed 12mm coYeUVliSV foU 30 minXWeV. SamSleV ZeUe When fi[ed ZiWh glXWaUaldeh\de (2.5%) 

in 0.1 M cacod\laWe bXffeU (SH 7.2) foU 30 minXWeV aW RT When oYeUnighW aW 4�C. The\ ZeUe 

fXUWheU ZaVhed WZice in 0.1M cacod\laWe bXffeU and deh\dUaWed in VeUieV of incUeaVing eWhanol 

concenWUaWionV (30 ± 100%). SamSleV ZeUe dUied Yia cUiWical SoinW dU\ing (Leica EM CPD300, 

AXVWUia). AfWeUZaUdV, Whe coYeUVliSV ZeUe moXnWed onWo VWXbV and coaWed ZiWh SlaWinXm, XVing 

a VSXWWeU coaWeU (Q150T, QXoUXm TechnologieV, KenW, UK). ObVeUYaWionV and imageV 

acTXiViWionV ZeUe done aW 3.5 kV, in "high YacXXm" mode, XVing a GeminiSEM 300 FESEM 

(ZEISS GeUman\) and SUoceVVed ZiWh ImageJ VofWZaUe. 

 

YeaVW-WZR-h\bUid aVVa\ 

The pGAD-T7 vectors were transformed in the appropriate yeast haploid cell line Y187 and the 

pGBK-T7 were transformed in the Y2HGold yeast haploid cell line. After production of diploid cells 

by yeast mating, interaction tests were carried out on SC- L ± W ± Histidine (His) media using drop 

test assay as described in the online protocol https://dx.doi.org/10.17504/protocols.io.btzenp3e (Isch et 

al., 2021).  

 

PURWeiQ SXUificaWiRQ 

E. cROi BL21 (DE3) (NoYagen) bacWeUial VWUain ZaV WUanVfoUmed b\ heaW Vhock meWhod ZiWh 

SET28a+-TFK1-6HiV and gUoZn in 200 mL of LB + kanam\cin 50 mg/mL aW 37�C and 250 

USm. When OD600 nm a0.6 ZaV Ueached, cellV ZeUe When VXbjecWed Wo cold Vhock on ice foU 30 

min. PUoWein e[SUeVVion of UecombinanW TFK1::6HiV ZaV indXced b\ adding 1 mM of iVoSUoS\l-

ȕ-D-WhiogalacWoS\UanoVide foU 3 h aW 37�C oYeUnighW and 250 USm. CellV ZeUe haUYeVWed b\ 

cenWUifXgaWion and When UeVXVSended in Whe l\ViV bXffeU conWaining 20 mM TUiV-HCl, SH 7.4, 
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0.5 M NaCl, 20 mM imida]ole and 10% (Y/Y) gl\ceUol, SUoWeaVe InhibiWoU CockWail SeW III 

Calbiochem (Ref. 539134-1 aW 1:10,000 dilXWion). CellV ZeUe l\Ved b\ VonicaWion and cell 

debUiV ZeUe SelleWed b\ cenWUifXgaWion (40,000 î g, 30 min, 4ÛC). The VXSeUnaWanW ZaV filWeUed 

(0.4�-ȝm SoUe Vi]e, Amicon) and loaded onWo a 1 ml HiVTUaSTMFF colXmn (GE HealWhcaUe) 

Zhich ZaV SUe-eTXilibUaWed ZiWh Whe Vame l\ViV bXffeU. The colXmn ZaV ZaVhed ZiWh fiYe 

colXmn YolXmeV (CV) of l\ViV UXnning bXffeU and boXnd SUoWein ZaV elXWed ZiWh 500 mM 

imida]ole/UXnning bXffeU ZiWh 10 CV. ElXWionV conWaining Whe higheVW concenWUaWion of 

SXUified UecombinanW TFK1::6HiV ZaV UXn on 10% SDS-PAGE gel When VWained ZiWh CoomaVVie 

BUillianW BlXe (InVWanW BlXeTM E[Sedeon LWd).  PXUified UecombinanW TFK1::6HiV fUom a 

Vecond idenWicall\ loaded gel ZaV WUanVfeUUed Wo PVDF membUane XVing a Vemi-dU\ WUanVfeU 

meWhod (BIORAD) and a ZeVWeUn bloW ZaV SeUfoUmed XVing anWi-HIS (Sigma H-1029, moXVe, 

1:3,000) anWibod\ Wo deWecW Whe HiV Wag, folloZed b\ anWi-moXVe HRP conjXgaWed (JackVon, 

115-035-044, 1:10,000). 

 

MRQRclRQal aQWibRd\ SURdXcWiRQ 

Monoclonal anWibodieV ZeUe UaiVed againVW SXUified TFK1::6HiV in 3 BALB/c mice XVing Whe 

SUoWocol SUeYioXVl\ deVcUibed b\ (Willco[ eW al., 2012). FoU immXni]aWion, 20 �g of 

UecombinanW TFK1::6HiV SUoWein ZaV emXlVified ZiWh comSleWe FUeXnd¶V adjXYanW and injecWed 

inWo each fooWSad of Whe back legV of each moXVe. TZelYe da\V laWeU, Whe mice ZeUe booVWed 

ZiWh 20 �g of UecombinanW TFK1::6HiV SUoWein emXlVified ZiWh incomSleWe FUeXnd¶V adjXYanW 

in Whe Vame condiWionV aV Whe fiUVW injecWion. AW da\ 15, afWeU eXWhanaVia of mice, SoSliWeal 

l\mSh nodeV ZeUe collecWed and B cellV ZeUe e[WUacWed and fXVed ZiWh Whe m\eloma SaUWneU 

P3U1 in PEG 1500 (Roche DiagnoVWic). H\bUidomaV ZeUe gUoZn XS Wo conflXenc\ and 

VcUeened b\ indiUecW ELISA. NXnc Ma[iVoUS flaW 96-Zell SlaWeV ZeUe coaWed ZiWh 0.5 �g of 

TFK1 SUoWein in caUbonaWe bXffeU and VaWXUaWed ZiWh 0.2% gelaWin. AfWeU PBS (ShoVShaWe 

bXffeU Valine) ZaVheV, 50 ȝl of h\bUidoma VXSeUnaWanWV ZeUe added and incXbaWed 1 hoXU aW 
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37�C. AfWeU PBS ZaVheV, a VecondaU\ anWibod\ HRP-conjXgaWed anWi-moXVe IgG + IgM 

dilXWed 1:5000 (JackVon ImmXnoReVeaUch, 115-035-044) ZaV incXbaWed 1 hoXU aW 37�C. 

ReYelaWion ZaV done b\ ABTS-H2O2 0.015% and Whe abVoUbance ZaV meaVXUed aW 405 nm, 

afWeU PBS ZaVheV. H\bUidomaV, Zhich VecUeWed high leYelV of VSecific anWibod\ againVW 

UecombinanW TFK1 SUoWein ZeUe cloned b\ limiWing dilXWionV and VcUeened b\ 

immXnoflXoUeVcence aVVa\ on endogenoXVl\ Wagged TFK1::3HA SUoc\clic cellV. The 

monoclonal IgG1 moXVe anWibod\ named anWi-TFK1 ZaV VelecWed foU iWV highl\ VSecific Vignal 

on immXnoflXoUeVcence and ZeVWeUn bloW aVVa\V and XVed aV deVcUibed in WhiV manXVcUiSW.   

 

EWhicV VWaWemeQW 

Animal e[SeUimenWV haYe been SeUfoUmed in Whe conYenWional animal faciliWieV of Whe 

UniYeUViW\ of BoUdeaX[ (FUance) (aSSUoYal nXmbeU of B-33-036-917), ZiWh Whe aSSUoYal of 

inVWiWXWional gXidelineV deWeUmined b\ Whe local EWhical CommiWWee of Whe UniYeUViW\ of 

BoUdeaX[ and in confoUmiW\ ZiWh Whe MiniVWU\ foU HigheU EdXcaWion and ReVeaUch and Whe 

FUench CommiWWee of GeneWic EngineeUing (aSSUoYal nXmbeU n �17621 -V5- 

2018112201234223). 

 

SWaWiVWicV 

E[SeUimenWal daWa foU gUoZWh cXUYeV and cell coXnW gUaShV iV UeSUeVenWaWiYe of n=3 

indeSendenW e[SeUimenWV ZiWh YalXeV UeSUeVenWed aV SWandaUd eUUoU of Whe Mean (SEM). 

SWXdenW W-WeVW ZaV XVed Wo deWeUmine Whe VWaWiVWical Vignificance beWZeen YalXeV giYen aV S < 0. 

005.  
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Figures 

 

 

 

Fig. 1: TFK1 (Tb927.6.1180) is a coiled-coil protein localized at the basal body region 

(A) Representation of TFK1 domains composed of a N-terminal region (aa 1-74), a central 

coiled-coil region (aa 75-802) composed by twelve coiled-coil protein domains divided into 

CC1 (aa 75-536) and CC2 (aa 537-802) and a C-terminal intrinsically disordered region (IDR) 

(aa 803-1271). (B) Western blots of TFK1 using anti-TFK1 in PCF and BSF wild-type whole 

cells (enolase as loading charge). (C) Immunofluorescence labeling on detergent-extracted 

cells of TFK1 (green, anti-TFK1) across the cell cycle in PCF and BSF forms. (D) 
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Immunofluorescence on detergent-extracted cells showing the co-localization of TFK1 

(green, anti-TFK1) with BLD10 (red, basal body marker) (a), FTZC (red, transition zone 

marker) (b), BILBO1 (red, flagellar pocket collar marker) (c), endogenously tagged TY1::RP2 

(red) (d) and mNeonGreen::CEP164C (Ued) (e). Scale baUV: 5 ȝm, inVeW 1 ȝm. 
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Fig. 2: TFK1, a newly identified transition fibres protein and a marker of basal body 

maturation 

(A) Top (a-d) and side (e-h) views of Ultrastructure Expansion Microscopy (U-ExM) showing 

the co-labelling of TFK1 using anti-TFK1 in endogenously tagged TFK1::HA background PCF 

whole cells (green), and of BLD10 (red) (a), of mNG::CEP164C (red) (b), of TY1::RP2 (red) (c) 

and of BILBO1 (red) (d) in G1 stage cells. (B) Immunofluorescence (a, c, e) and U-ExM (b, 
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d, f) on detergent-extracted cells showing the co-labelling of endotagged TFK1::HA (green) and 

BLD10 (red) (a, b), endotagged TFK1::HA (green) and endotagged TY1::RP2 (red) (c, d), 

endotagged TFK1::HA (green) and BILBO1 (red) during pro-BB maturation in SK1N cells 

stage (Early kinetoplast S phase) (e, f). The labeling on BB and pro-BB is indicated by an 

arrow and arrowhead respectively, and the maturing pro-BB by an asterisk. U-ExM pictures 

(Ae - f and Bb, d) aUe oUienWed ZiWh Whe kineWoSlaVW doZnZaUdV. Scale baUV: (A) 5 ȝm, inVeW 1 

ȝm and (B) 2 ȝm. E[SanVion facWoU: 4.8 fold.  
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Fig. 3: TFK1 is localized at the tip of the transition fibres  

Immuno-gold labeling on thin section of PCF whole cells showing the localization of TFK1 

using anti-TFK1 (gold beads: black arrow). In A and B, views of longitudinal section of the 

mature basal body. In C and D, views of transversal sections of the basal bodies. BB: basal 

body, TF: transition fibres, TZ: transition zone, Ax: axoneme. The white double-arrow in C 

indicates measurements of the distance of TFK1 to the center of the basal body. Scale bars: 

200 nm, insert 100 nm. 
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Fig. 4: Schematic representation of the subcellular localization of TFK1 together with 

key basal body markers in Trypanosoma brucei 

Schematic representation showing the proposed model of TFK1 position in G1 stage (left 

scheme) and during the basal body maturation stage (right scheme). Ax: axoneme; PFR: 

paraflagellar rod; BILBO1 (Flagellar pocket marker); FTZC (transition zone marker); RP2 

and CEP164C (transition fibres markers); BLD10 (BBs marker); BB: basal body, pBB: pro-

basal body, pBBm: pro-BB maturation; K: kinetoplast and sK: kinetoplast in S phase. 
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Fig. 5: Domain analysis of TFK1 shows key features  

(A) Schematic representation of full length TFK1 (FL) and truncations (T1 N-ter aa 1-74; T2 

CC aa 75-802; T3 IDR aa 803-1271; T4 CC1 aa 75-536; T5 CC2 aa 537-802). (B) 

Immunofluorescence labeling of TFK1::myc (red) in non-induced (a) and induced cells (b) and 

of truncations (T1::myc, T2::myc, T3::myc, T4::myc and T5::myc) (red) after 24 h of induction of 

expression in endogenously tagged TFK1::HA background (gUeen) PCF cellV Scale baUV: 5 ȝm, 

inVeWV 1 ȝm. (C) Yeast-two-hybrid assays on ± Histidine selective medium (-His) of full-

length TFK1 and truncated forms of TFK1. The negative control (Control -) was Lamin and 

T-antigen, and the positive control (Control +) was p53 and T-antigen. 

  

Jo
ur

na
l o

f C
el

l S
ci

en
ce

 •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



 

 

Fig. 6: TFK1 is essential in bloodstream forms  

(A) Growth curves of WT cells (blue line), non-induced cells (-Tet, red line) and tetracycline 

induced cells (+Tet, dashed red line) for TFK1 RNAi knockdown in BSF. (B) Representative 

western-blot analysis of the TFK1 protein level in endogenously tagged TY1::TFK1 BSF using 

anti-TY1 (left blot) and anti-TFK1 (right blot) before induction and 24 and 48 h post 

induction. The anti-enolase was used as loading control. (C) Immunofluorescence on 

detergent-extracted PCF cells showing TFK1 (green) and BLD10 (red) before (-Tet) and 24 

hoXUV SoVW indXcWion +TeW); Scale baUV: 5 ȝm, inVeW 1 ȝm. (D) HiVWogUam of Whe nXcleaU and 

kinetoplast DNA content before the RNAi knockdown of TFK1 (-Tet) and 3 h, 6 h, 24 h and 

48 h post induction induced in BSF TFK1 RNAi and table of quantification of the cell 

populations (abnormal cells including 1K2N, XKXN and round cells). (n>200, error bars: 

three independent experiments). 
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Fig. 7: TFK1 knockdown in BSF leads to cytokinesis defects 

(A) DAPI staining on whole cells before (a) and after TFK1 RNAi knockdown (b and c) 

showing cell cycle progression (position of division fold generation, dashed line; nucleus 

(asterisk); kinetoplast (arrowhead); fold (dashed line); cytoplasmic bridge (arrow)). (d) 

Quantification of the 2K2N cell populations in wild-type population and in 24 h post 

induction of TFK1 RNAi knockdown population. normal stage (grey bar), cells in pre-

abVciVVion VWage in ³SoVWeUioU-to-SoVWeUioU´ oUgani]aWion (blXe baU) and ³Wandem-cellV´ 

forming abnormal KNKN organization (orange bar). (B) Detergent-extracted cytoskeleton 

cells preparation coupled with DAPI staining before (-Tet) and 24 h after (+Tet) TFK1 RNAi 

knockdown. (C) Immunofluorescence on detergent-extracted cells showing FAZ (flagellar 

attachment zone, green) and PFR (paraflagellar rod, red) labelling before (-Tet) and 24 h post 

induction (+Tet) that leads to the tandem-cells phenotype (b, c) and the cells locked posterior-

to-SoVWeUioU ShenoW\Se (e, f). Scale baUV: 5 ȝm. (D) SEM analysis showing 2K2N wild-type 

cell (left) and TFK1 RNAi phenotypes after 24 h induction, tandem-cells (center) and cells in 

locked posterior-to-posterior organization (right). The arrows indicate the cytoplasmic bridge. 
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Fig. 8: Schematic representation of the TFK1 knockdown leading to a deregulation of 

the cell division  

(a) Representation of a normal cell cycle division in BSF cells, whereas (b) and (c) show 

abnoUmal diYiVion leading UeVSecWiYel\ Wo ³Wandem-cellV´ and ³locked SoVWeUioU-to-SoVWeUioU´ 

cells phenotypes. 
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Fig. S1� Trypanosoma brucei shows differences in cell division according to the form�Schematic representation of 

cell cycle in Trypanosoma brucei.  a. The cell cycle in the insect stage procyclic form. b. The cell cycle in the 

mammalian bloodstream form. 

J. Cell Sci.: doi:10.1242/jcs.259893: Supplementary information
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Fig. S2� TFK1 (Tb927.6.1180) is a coiled-coil kinetoplastid-specific protein

TFK1 protein orthologs of the class Kinetoplastida are aligned using ClustalW program (Madeira et al., 2019) and 

protein domains predicted by InterPro (Blum et al., 2021) are indicated with colored boxes: N-terminal region (Nter, brown 

boxes), coiled-coil domains (CC, blue boxes) and C-terminal intrinsically disordered region (IDR, pink boxes). The gene 

accession numbers encoding the putative proteins are indicated in parentheses. 
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Fig. S3� Validation of the monoclonal antibody directed against TFK1 (anti-TFK1) 

(A)�Bacterial purified TFK1::6His (142 kDa indicated with black arrow heads) samples (SM:�starting material, FT: flow 

through, 2-8: elutions) visualized by Coomasie blue staining and (B) by western blot using anti-His antibody. (C) and (D) 

western blots to monitor the protein level of TFK1 in endogenously tagged TY1::TFK1 PCF (152.7 kDa) using both anti-TY1 

and anti-TFK1 antibodies, respectively, before induction and 24 to 96 h post induction. (E) Immunofluorescence on 

detergent extracted (top panel) and whole cells (bottom panel) PCF showing the co-localization of TFK1 (green, anti-TFK1) 

and the endogenously tagged TFK1::HA (red, anti-HA aQWibRd\). ScaOe baU: 5 ȝP, iQVeW 1 ȝP.  
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Fig. S4� TFK1 localizes to the distal region of basal bodes with a nine-dotted circular pattern 

(A)�Immunofluorescence on detergent-extracted BSF cells showing the co-localization of�TFK1 (green, anti-TFK1) and 

BLD10 (red, BB marker), FTZC (red, transition zone marker), BILBO1 (red, flagellar pocket collar marker) and PFR (red, 

paraflagellar rod). Scale bars: 5 ȝm, inset 1 ȝm. (B) Top view of U-ExM experiments showing the labelling of TFK1 (green, 

anti-TFK1) composed of nine dots signal. The inner and outer diameters of the circular pattern indicated by the dashed 

circles were calculated from the measured distance (diameter)/expansion factor. The expansion factor is the ratio of the gel 

diameter after and before the expansion presented in the table (n=10). s.d.: standard deviation, K: kinetoplast, d: diameter, 

scale bars: 2 ȝm. 
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Fig. S5� Localization of ectopic expression and domains analysis of TFK1 

(A)�Western blot analysis after 24 h and 48 h induction of expression of FL TFK1::myc and�truncations T1::myc (11.9 

kDa), T2::myc (90.2 kDa), T3::myc (49 kDa), T4::myc (56.3 kDa) and T5::myc (38.4 kDa) in endogenously tagged 

TFK1::HA PCF cells, using anti-myc antibody. Anti-enolase was used as loading control. (B) Immunofluorescence on 

whole cells with labeling of TFK1::myc (red) in non-induced (a) and induced cells (b), and (c-e) 

immunofluorescence on detergent extracted induced cells of truncations (T1::myc, T3::myc, and T5::myc) (red) 

after 24 h of induction of expression in endogenously tagged TFK1::HA background (green) PCF cells ScaOe baUV: 5 

ȝP, iQVeWV 1 ȝP. 
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Fig. S6� TFK1 is not essential in PCF 

(A)�Growth curves of WT cells (blue line), non-induced cells (-Tet, red line) and tetracycline�induced cells (+Tet, 

dashed red line) for TFK1 RNAi knockdown. (B) Western blot analysis of TFK1 protein level in endogenously 

tagged TY1::TFK1 PCF using both anti-TY1 antibody before induction and 24, 48, 72 and 96 h post induction of 

TFK1 RNAi knockdown. Anti-enolase was used as loading control. 
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Fig. S7� Structural analysis of key organelles in TFK1 knockdown BSF cells 

(A)�Immunofluorescence on detergent-extracted BSF cells showing TFK1 (green) and BLD10�(BB marker, red) 

before (a, -Tet) and 24 h post induction of TFK1 RNAi knockdown (b, +Tet) and showing TFK1 (green) and 

BILBO1 (FPC marker, red) before (c, -Tet) and 24 h post induction (d, +Tet). Scale bar: 5 ȝm, inset 1 ȝm. (B) 

Transmission EM on thin sections of TFK1 RNAi non-induced (a) and induced 24 h (b, c) cells. PFR: 

paraflagellar rod, FP: flagellar pocket, FPC: flagellar pocket collar, BB: basal body, pBB: pro-BB. (C) 

Measurement of PFR length in BSF flagellar preparation labelled by anti-PFR antibody before (-Tet) and 24 h 

(+Tet) after TFK1 RNAi knockdown. (D) Measurement of the diameter of transition fibre structure from 

transmission EM images of longitudinal sections, by measuring the distance between the two sides of the flagellar 

pocket at the base of the flagellum (indicated by a white double-arrow on Bc) on non-induced and 24h-induced 

TFK1 RNAi knockdown BSF cells (n=19).  
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Fig. S8�TFK1 localization is not disturbed in BILBO1 RNAi or CEP164C RNAi knockdown cells and TFK1 

and does not interact directly with TOEFAZ1 in Y2H assays (A)�Immunofluorescence on detergent-extracted 

PCF cells showing the localization of�TFK1::HA (green, anti-HA antibody) and TY1::RP2 (red, anti-TY1 antibody) 

before (-Tet) and 48 h (+Tet 48h) after BILBO1 RNAi induction. (B) Immunofluorescence labelling of detergent-

extracted PCF cells showing the localization of TFK1 (green, anti-TFK1) and mNeonGreen::CEP164C (red, direct 

fluorescence) before (-Tet) and 96 h (+Tet 96h) after CEP164C RNAi induction. Scale bars: 5 ȝm, inset 1 ȝm. (C) 

Y2H interaction assay on ± Histidine selective medium (-His) of TFK1 with TOEFAZ1/CIF1. Negative control: 

Lamin and T-antigen interaction, positive control: p53 and T-antigen interaction. 
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Table S1� Measurements of TFK1 immunogold labelling. 

This table shows the measurements of the distance (indicated by the white double-arrow in Fig. 3C) from the center of the 

basal body to the gold labeling from transversal section iEM images (n=28). s.d: standard deviation.  
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